Abstract-In these studies, one group of PCD materials has been prepared using diamond powder and 10 wt % of TiB 2 and the second batch of the PCD material has been prepared using a mixture of diamond powder with 5 wt % of TiB 2 and 2 wt % of Co. The materials have been sintered using a Bridgman type high pressure apparatus at 8.0 ± 0.2 GPa and a temperature of 2000 ± 50 °C. Thermogravimetric (TG) measurements and Differential Thermal Analysis (DTA) have been carried out for diamond micropow ders, TiB 2 bonding phase, and sintered composites. The coefficients of friction for diamond composites in a sliding contact with an Al 2 O 3 ceramic ball have been determined from the room temperature up to 800°C. Material phase compositions were analyzed for initial samples and after wear tests, at the temper ature of 800°C. Raman spectra of diamond composites with borides bonding phases, observed for the first order zone center modes of diamond and graphite during heating up to 800°C in air have been presented. Thermal properties have been compared with the commercial diamond-cobalt PCD. It has been found that diamond with TiB 2 and Co is the most resistant to the hardness changes at elevated temperatures and this material maintains the high hardness value up to 800°C but it has a high coefficient of friction.
1. INTRODUCTION Thermal stability of polycrystalline diamond composites (PCD) is defined as its resistance to graphitiza tion in an inert atmosphere at elevated temperatures. Nevertheless, the oxidation process is very extensive dur ing heat treatment of diamond in oxygen. The oxidation of carbon (at 700°C and higher) proceeds yielding gaseous CO and/or CO 2 products. Graphitization and oxidation processes depend on the size, purity of dia mond particles and type of bonding phases for the polycrystalline diamond. The material with higher resist ance to oxidation will be the most beneficial bonding phase for the diamond composite. During machining of materials the bulk of energy required to form the chips is converted into heat. A considerable amount of heat generated during machining is transferred into the cutting tool and workpiece [1] . The rate of heat transfer from the cutting zone is a very important parameter for machining. Increasing the heat in the cutting zone has a negative effect on the material of the tool tip. It may be negative, for example, for phase transformation pro cesses (graphitization) or it may intensify the process of oxidation. Diamond is an allotropic form of carbon with a cubic structure, which is thermodynamically stable at the pressures above 1.6 GPa at room temperature and metastable at atmospheric pressure [2] . At low pressures natural diamond converts rapidly into graphite at 1600°C, in an inert atmosphere. During the diamond heat treatment two competitive processes occur, i.e. the oxidation accompanied by the surface graphitization [3] . The oxidation of synthetic diamond starts at a temperature lower than of natural diamond [4] . The oxidation of carbon (at 800°C and higher) proceeds yield ing gaseous CO and/or CO 2 products. The graphitization and oxidation processes depend on size, purity of diamond particles and type of bonding phases for the polycrystalline diamond [5] . The growth temperature of diamond lies between the melting point of the solvent/catalyst/carbon system and the diamond-graphite equilibrium temperature [6] . The chemical composition and properties of synthetic diamond obtained by 1 The text was submitted by the authors in English.
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No. 3 2015 means of the high pressure-high temperature method depend on the type of a catalyst [7] . Cobalt belongs to the iron group of materials, which are known to be good solvents/catalysts for diamond synthesis and also for the binder phase during the diamond powder sintering [8] . The most popular polycrystalline diamonds (PCD) sintering technology is based on the infiltration of cobalt into diamond grain surfaces, the solution of carbon in cobalt, and reverse crystallization of carbon into diamond. Cobalt decreases graphitization temperature of the diamond. One of the possibilities to increase the thermal resistance of PCD materials is to reduce the cobalt bonding phase content. PCD with the cobalt bonding phase are chemically stable up to 700°C because of the graphitization, while the working temperatures (without cooling) for this group of materials during the machining process in the cutting zone may rise even higher. In such a situation, the development of new bond ing phases in diamond composites is very much needed. Thermal resistance of diamond composite depends on the oxidation more than on the graphitization. CO gas evolution during diamond composite oxidation destroys the integrity of the composite microstructure. An addition of a more oxidation resistant phase to dia mond (PCD) can result in the possibility to use the diamonds cutting edge at higher temperatures and to obtain higher resistance to oxidation of the PCD. For the TiB 2 surface oxidation occurs at temperatures below 1000°C, the weight gain is observed as a result of the formation of TiO 2 and B 2 O 3 . In this work, new types of composites consisting of micron size diamonds with borides are investigated with regard to their resistance to high temperatures up to 1000°C, because it is the most often temperature in the cutting zone.
EXPERIMENTAL

Materials
In these studies, one group of PCD materials was prepared using the mixture containing 90 wt % of Micron+MDA M36 diamond powder of size 3-6 μm (produced by the Element 6,) and 10 wt % of TiB 2 (American Elements, <100 nm), the second batch of a PCD material was prepared using the mixture of the same diamond powder with 5 wt % of TiB 2 and 2 wt % of Co (ABCR, 0.5-1.5 μm). The mixtures were pressed at 90 MPa into cylindrical shapes 15 mm in diameter. Before sintering, the powders were treated at 600°C and 0.8 Pa for 30 min and closed in a niobium foil container. Next, the materials were sintered using a Bridgman type high pressure apparatus at 8.0 ± 0.2 GPa and 2000 ± 50°C. The samples were heated in an internal graphite heater with an inside diameter of 15 mm. Some of these materials properties are presented in the table. The microstructure investigations were performed using the scanning (Jeol JSM 6460LV) microscope. The samples for microanalysis were prepared by lapping on a cast iron plate with diamond paste. *Average measurement for three samples. ** Average of five hardness measurements, α = 0.05
For the comparison purpose the tests of commercial material with cobalt bonding phase containing 88 wt % of diamond, 10 wt % Co and 2 wt % WC (from milling process) are also presented.
The density was measured using the hydrostatic method. The hardness was determined by the Vickers method under a load of 9.81 N, using a Future Tech FLC 50VX Vickers hardness tester. For each sample 5 indentations were realized. Young's moduli of composites were measured based on the velocity of the ultra sonic waves transition through the sample using the ultrasonic flaw detector Panametrics Epoch III. The cal culations were carried out according to the equation: ,
where: E-Young's modulus, ρ-density of the material, C L -velocity of the longitudinal wave, C T -veloc ity of the transversal wave. The velocities of transversal and longitudinal waves were determined as the ratio of the sample thickness and the relevant transition time. Considering that the error in the thickness measurements was ± 0.01 mm and in the time of flight measurements ±1 ns, the resulting error in the ultrasonic velocity was about 1%. Conse quently, the accuracy of Young's modulus calculated from equation (1) 
Phase compositions of the sintered bodies were identified by X ray diffraction analysis, based on the ICDD database. XRD measurements were taken with an XPert Pro system (Panalytical) with monochromatic CuK α1 radiation.
Thermal Analysis of Starting Powders and Diamond Composites
Simultaneous thermogravimetric (TG) and differential thermal analysis (DTA) measurements with a NETZSCH STA 449 F3 analyzer were carried out for diamond MDA 36 (produced by Element Six) micropowders, sintered materials, and for the commercial material with 10 wt % Co and 2 wt % WC. The Al 2 O 3 crucible was used, heating rate was 10°C/min and maximum temperature was 1000°C. The measure ments were carried out in argon (gas moisture 3 ppm/mol, presence of oxygen 2.00 ppm/mol, and hydrocar bons 0.5 ppm/mol) and in air. The analyses were carried out using the Netzsch Proteus analysis program. The phase composition of diamond composites was studied after differential and thermogravimetric analyses.
Raman Scattering Characterization of Carbon Bonding in Diamond Composites During Heating
All in situ Raman experiments detailed in Fig. 1 were performed in the CCR1000 reaction cell from Linkam, placed in Jobinn Yvonne's Labram HR confocal micro Raman unit based on Czerny-Turner's monochromator. For experimental purposes, micro Raman was working with the 325 nm laser line as an exci tation source, 2400 (grooves/mm) grating, long distance optical objective (50×) and Synapse CCD as a detec tor (1024). The samples of diamond powder and sintered composites with diameter smaller than 0.5 cm were mounted on a ceramic wool filter placed inside the ceramic heating element in CCR1000 cell. In the course of the experiment the samples were purged with a stream of gas (helium or air) with a flow rate of 20 ml/min. Laser power output was set to 5 mW. The reaction cell parameters such as: temperature, rate of heating and cooling were controlled with Linksys program, whereas Labram HR was managed by Labspec 5, where the type of grating, laser source, size of confocal hole, time and number of spectra acquisition were determined. All Raman spectra were taken with a 1000 μm confocal hole, and 10 s as the acquisition time and 2 as the acquisition number. The procedure of measurements was as follows. At first the spectrum was collected at room temperature. Then, the cell was heated up to 400°C with 50°C/min rate and during this period spectra were collected one by one. When the temperature reached 400°C, Raman measurement was quickly turned off and again turned on for 10 minutes. During these 10 minutes time Raman spectra were collected one by one like during heating. After that time, Raman analysis was tuned off and on again, but only for one measure ment. When this single analysis was finished, temperature was raised to 600°C with 50°C/min rate and the above procedure was repeated for 600 and 800°C. After that, reactor cell was cooled to room temperature and the last Raman spectrum was taken. Raman measurement program course is shown in Fig. 1. 
Ball on Disc Tests at Elevated Temperatures
The Al 2 O 3 ceramic ball was used in the ball on disc test to measure coefficients of friction dependence on the temperature. The tests for diamond composites in a sliding contact with an Al 2 O 3 ceramic ball were carried out from room temperature (RT) up to 800°C, using a CETR UMT 2MT universal mechanical tester (pro duced in the USA). The size of the disc-shaped samples was 13.5 × 3.8 mm. The surface of the disc was flat and parallel to within 0.02 mm and the roughness of the test surface was not higher than 0. 
where: F t -measured friction force, F n -applied normal force. After the tests, the phase compositions of the samples were analyzed.
3. RESULTS AND DISCUSSION Some of the selected properties of diamond composites with 10 wt % ceramic phase TiB 2 are given in the table. Porosity for this material is about 0.83%, values of hardness and Young's modulus were not so high. Szutkowska et al. [9] characterized the phase composition and microstructure of this material. The material consists of 5.9 wt % of TiB 2 , 1.3 wt % of TiC, and 1.8 wt % of graphite. The diamond-TiB 2 composite sintering proceeds in the solid state and the diamond particles surface appears to be in an unfavourable stress state. Graphite appears on the diamond crystallites surfaces, which are not in contact with another diamond surface (in voids) because of the non isostatic stress distribution on diamond particle surfaces during the high pres sure sintering, and thermodynamical conditions are favourable for graphite presence. For TiB 2 the mass trans port for densification is limited. In addition, a thin oxygen rich layer existing on the surface of TiB 2 powder hinders the sintering [10] . Because of these difficulties and in effect of the presence of pores in the diamondTiB 2 composite, the TiB 2 amount was decreased, and 2 wt % of Co was added to the mixture.
X ray diffraction pattern of diamond-10 wt % TiB 2 composites after the HP HT sintering (as a received sample) and their composition after heating up to 800°C, in air, during 375 min (after the wear test) is pre sented in [11] . After heating up to 800°C during wear test graphite and rutile appear in the material.
X ray diffraction pattern of a diamond-TiB 2 -Co composite after the HP HT sintering (as a received sam ple) and its composition after heating to 800°C, in air, during 375 min (after the wear test) is presented in Fig. 2 .
For sintered compacts of diamond powder with 5 wt % of TiB 2 and 2 wt % of Co, the X ray diffraction indi cates 88.1 wt % diamond, 7.3 wt % TiC, 0.7 wt % TiB 2 , 3.9 wt % W 2 CoB 2 (tungsten is the additive from the milling process). TiB 2 participates in the W 2 CoB 2 formation as a donor of boron, which diffuses into samples and interacts with cobalt and tungsten carbide. W 2 CoB 2 microhardness Hì50 is above 45.4 GPa and it is a wear resistant material [12] . Co addition has significant influence on the graphite content; it is not detectable in compacts and gives good mechanical properties of the material presented in the table.
Microstructures of diamond-TiB 2 and diamond-TiB 2 -Co composites are shown in Fig. 3 .
The microstructure of the diamond-TiB 2 -Co composite and Ti, Co, C elements distribution is given in Fig. 4 .
Thermal properties of diamond composites depend strongly on the type of diamond micropowders, their method of synthesis, used catalysts and the type of the bonding phase. The thermoanalytical studies of dia mond and TiB 2 powders with the DTA-TG methods are presented in Fig. 5 . The analysis was carried out in air and argon.
For the natural diamond the TG and DTA curves confirmed two types of chemical reactions, first at tem peratures above 960°C and second above 1060°C. In the low temperature oxidation stage the 2C + O 2 = CO reaction occurs, during the high temperature stage the desorption and C + O 2 = CO 2 reaction take place [13] . The beginning of the DTA peak for the MDA synthetic diamond studies carried out in argon is at 490°C and the maximal value of the peak is at about 600°C. The beginning of the DTA peak for the studies carried out in air is at 480°C and the maximal value of the peak is at 570°C (see Fig. 5a ). It was noted a sharp exothermic effect in the DTA curve during the heating, which is assumed to result from oxidation and evaporation (which is due to the trace amounts of oxygen in the apparatus and argon as well as the release of moisture). Gaseous products CO and CO 2 are the results of diamond oxidation.
The beginning of the DTA peak of the TiB 2 tests carried out in air is at 442°C and the maximal value of the peak is at about 472°C. TiB 2 at argon is very stable (see Fig. 5b ). TiB 2 has the tendency to the surface oxidation. Koh et al. [14] reported the oxidation of hot pressed TiB 2 . This process showed two distinct oxidation behav iors depending on the exposure temperature. At the temperatures below 1000°C, parabolic weight gain was observed as a result of the formation of TiO 2 and B 2 O 3 on the surface. At the temperatures above 1000°C, crys talline TiO 2 formed along with gaseous B 2 O 3 due to the oxidation [14] . The DTA results for TiB 2 nonopowders heated in air, showed a sharp exothermic effect at 472°C. TiB 2 heated in argon did not have any significant reactions or phase changes from room temperature up to 1000°C.
The thermal analysis results for sintered materials and for the commercial material with 10 wt % Co and 2 wt % WC in argon and in air are shown in Figs. 6a, 6b, 6c . In Raman spectroscopy the sharp features at 1332 cm -1 and 1580 cm -1 are the first order zone center modes of diamond and graphite, respectively. These frequencies are indicative of different bond strengths of the diamond and graphite bonding. It should be noted that the 1332 cm -1 mode in diamond is essentially the highest energy vibrational mode of the structure, while for graphite, a second order feature is observed at 3240 cm -1 , which is due to slightly higher phonons energy than the mode at 1580 cm -1 . In these studies both modes 1332 cm -1 and 1580 cm -1 for diamond and graphite were observed [15] . The solvent phase between the diamond grains consists of cobalt, which helps to promote the direct bonding of diamond grains during sintering. For ceramic bonding phases the direct diamond-diamond bonding becomes very difficult. Each data point corresponds to the measured zone center phonon frequency for diamond and graphite (Figs. 7, 8) . The studies were carried out in air and in helium. In Figs. 7a and 7b , Raman spectra in heating up to 800°C of diamond-TiB 2 and diamond-TiB 2 -Co composites in air are presented.
Diamond with the TiB 2 bonding phase is a material more resistant to the oxidation (see Fig. 7a ). Raman spectrometry confirms that graphite is present in the phase composition of the diamond with TiB 2 composite, up to 800°C. For the diamond-TiB 2 -Co composite at room temperature Raman spectroscopy detected minor amounts of graphite. At 400°C the graphite peak is stronger and it disappears at 600°C because of the intensive oxidation At studies in helium (Figs. 8a, 8b ) both diamond composites are stable up to about 800°C, with very little graphite intensity changing. After heating at 400 °C for the composite with TiB 2 -Co bonding phase the graphite peak intensity is decreasing, probably because of a low amount of oxygen in helium and oxidization process. Graphite (which is cumulated on the diamond particles surfaces) is the main participant during the diamond oxidation process.
The graphite participation for the sample after the wear test is not visible for diamond with TiB 2 and the minor amount 0.3 wt % is detected for diamond composite with TiB 2 and Co. CO gas emission breaches the integrity of the composite microstructure. Additionally, a large quantity of rutile appears in material content, reducing hardness of composite with TiB 2 bonding phase. A low coefficient of friction is one of the most important characteristics for the cutting materials since its value affects the smoothness and surface quality of the workpiece. The coefficients of friction for diamond composites in a sliding contact with an Al 2 O 3 ceramic ball were determined at temperatures from RT up to 800 °C (close to the temperature in the cutting zone) in ball on disc tests. The coefficient of friction values in dependence on the temperature for the diamond composite with 10 wt % of TiB 2 , diamond with 5 wt % of TiB 2 and 2 wt % of Co and for the commercial materials with the Co bonding phase are presented in Fig. 9 .
1700 1600 1500 1400 1300 1200 1100 1000 Wavenumber, cm The results of the coefficient of friction measurements for diamond composites shown in Fig. 9 confirm that the coefficients strongly depend on the temperature. For all composites, the friction coefficients are lower at 200°C than at RT. For diamond with TiB 2 the friction coefficient at 400°C is similar to the friction coeffi cient at RT. The diamond composite with TiB 2 is the most thermally stable material. Its friction coefficient at 400°C is about 0.16. For the commercial PCD material and diamond composite with TiB 2 and Co, the fric tion coefficients are increasing from 200°C and at 400°C friction coefficients are about 0.3 and 0.65, respec tively. The coefficients of friction for composite with TiB 2 at room temperature are lower than for the com mercial material and composite with TiB 2 and Co. The coefficients of friction changes are the result of the phase transitions.
The diamond with 10 wt % of TiB 2 composite after the high pressure process consists of diamond, 5.9 wt % TiB 2 , 1.3 wt % TiC, and 1.8 wt % of graphite [11] . After the wear test in the material 6 wt % of rutile appears, the rest of bonding phase consists of TiB 2 ; graphite is not detectable in the material because of the oxidation process and gaseous CO, CO 2 forming. The composition of diamond composite with TiB 2 and Co after the wear test up to 800°C is multiphase. This composite contains W 2 CoB 2 , the amounts of TiB 2 and TiC are almost the same. There is a low amount of rutile 0.8 wt %, graphite about 0.3 wt %, 0.1 wt % Co, and 1.3 wt % of CoWO 4 , but the amount of diamond is about 4 wt % lower (84 wt %) than for the material before the wear test (see Fig. 3 ). In the diamond composite with TiB 2 titanium and graphite oxidation occurs while rutile is forming. For the diamond composite with TiB 2 and Co, cobalt and diamond mainly take part in the oxidation. Rutile and especially W 2 CoB 2 participation in the bonding phase content decreases the friction coefficients of diamond composites.
Hardness of materials depends on the heat treatment temperature (after wear tests up to 800°C), and it was compared to the commercial diamond-cobalt PCD. The results are presented in Fig. 10 .
The most resistant to the hardness changes at elevated temperatures is diamond with TiB 2 and Co. This material maintains high hardness value up to 800°C (see Fig. 10 ). For diamond with TiB 2 above 700°C the hardness decreases because of the oxidation and formation of rutile. For commercial PCD material with the cobalt bonding phase, above 400°C there is a rapid decrease of hardness and no measurable hardness at 800°C (see Fig. 10 ). The reason of hardness decrease for all investigated materials is explained by the oxidation pro cess.
CONCLUSIONS
It has been found that because of the solid state HP HT sintering of the diamond-TiB 2 composite, the material is characterized by a low amount of graphite participation, about 1.8 wt %. Mechanical properties of this material (especially hardness) are lower than for commercial PCD (H V1 45.4 GPa) but high thermal resis tance of the diamond with TiB 2 has been confirmed by the DTA/TG studies and Raman spectrometry at higher temperatures. This composite is characterized by a low value of coefficient of friction up to 700°C, which is advantageous for the applications for cutting tools. Diamond PCDs with the TiB 2 bonding phase have a very limited change in mass at high temperatures in comparison to the commercial materials with Co bonding phase, they could be used at about 70 degrees higher temperatures. The TiB 2 ability to oxidize the surface, is beneficial to reduction of the oxidation that is present in the commercial PCD with cobalt. The TG results showed a more intensive weight loss for the commercial material with the cobalt bonding phase (without TiB 2 participation) and the decrease of the composite mass starts at lower temperatures (about 797.8°C) than for composite with TiB 2 and Co (about 877.2°C).
It has been shown that the addition of cobalt to the diamond with TiB 2 improved hardness and Young's modulus of the PCD material because of the porosity reduction. The material contains tungsten (W is the additive from the milling process). The bonding phase contains among others, W 2 CoB 2 . This compound is thermally stable and very hard but has main influence on a decrease of the coefficient of friction. Diamond with TiB 2 and Co is resistant to the hardness changes at elevated temperatures.
